Steroid hormones are metabolically derived from multiple enzymatic transformations of cholesterol. The controlling step in steroid hormone biogenesis is the delivery of cholesterol from intracellular stores to the cytochrome P450 enzyme CYP11A1 in the mitochondrial matrix. The 18-kDa translocator protein (TSPO) plays an integral part in this mitochondrial cholesterol transport. Consistent with its role in intracellular cholesterol movement, TSPO possesses a cholesterol recognition/interaction amino acid consensus (CRAC) motif that has been demonstrated to bind cholesterol. To further investigate the TSPO CRAC motif, we performed molecular modeling studies and identified a novel ligand, 3,17,19-androsten-5-triol (19-Atriol) that inhibits cholesterol binding at the CRAC motif. 19-Atriol could bind a synthetic CRAC peptide and rapidly inhibited hormonally induced steroidogenesis in MA-10 mouse Leydig tumor cells and constitutive steroidogenesis in R2C rat Leydig tumor cells at low micromolar concentrations. Inhibition at these concentrations was not due to toxicity or inhibition of the CYP11A1 enzyme and was reversed upon removal of the compound. In addition, 19-Atriol was an even more potent inhibitor of PK 11195-stimulated steroidogenesis, with activity in the high nanomolar range. This was accomplished without affecting PK 11195 binding or basal steroidogenesis. Finally, 19-Atriol inhibited mitochondrial import and processing of the steroidogenic acute regulatory protein without any effect on TSPO protein levels. In conclusion, we have identified a novel androstenetriol that can interact with the CRAC domain of TSPO, can control hormonal and constitutive steroidogenesis, and may prove to be a useful tool in the therapeutic control of diseases of excessive steroid formation.
Vertebrate steroid hormones are formed in response to stimulation of steroidogenic cells in the testes, ovaries, and adrenal cortex through the successive enzymatic transformation of cholesterol, the precursor of all steroids. Circulating pituitary peptide hormones, such as luteinizing hormone or chorionic gonadotropin in the gonads or adrenocorticotrophic hormone in the adrenal gland, bind to their cognate cell surface receptors, stimulating the synthesis of cAMP, the major second messenger of these hormone-receptor systems (1, 2) . cAMP, in turn, promotes the traffic of cholesterol from cellular stores to the inner mitochondrial membrane, where it is metabolized to pregnenolone due to cholesterol side chain cleavage by the cytochrome P450 CYP11A1 (3) . Pregnenolone undergoes further enzymatic transformation in the endoplasmic reticulum or mitochondria, giving rise to the final steroid products (4) . The primary site of control in this process is the transport of cholesterol from intracellular sources across the double membrane of the mitochondria and into the matrix where CYP11A1 is located, a process that requires assistance of the cellular protein machinery that has recently been named the transduceosome (5, 6) .
The transduceosome is assembled in response to hormone treatment and subsequent cAMP formation from both cytoplasmic and mitochondrial components to support and amplify the targeted response to the cAMP signal at the site where steroid formation begins. The cytosolic component that has attracted the greatest research attention is the steroidogenic acute regulatory protein (STAR) 3 (7, 8) . STAR is rapidly synthesized in the cytoplasm in response to hormonal and cAMP stimulation as a 37-kDa protein containing a mitochondrial targeting sequence that is subsequently cleaved upon import into the mitochondria to generate a 30-kDa mature protein (9) . Synthesis of STAR is stimulated by hormones and cAMP (10, 11) , and in vitro overexpression studies have demonstrated that STAR elevates cholesterol trafficking into the mitochondria and steroid synthesis in steroidogenic cells (12) . In addition, newly synthesized STAR has been shown to exert its action only at the outer mitochondrial membrane, and mature 30-kDa STAR in the mitochondrial matrix is inactive (13) . At the outer mitochondrial membrane, STAR interacts with the mitochon-drial voltage-dependent anion channel to exert its effects in a phosphorylation-dependent manner (14) . STAR is phosphorylated by the cAMP-dependent protein kinase (15, 16) . cAMPdependent protein kinase also binds to PAP7 (peripheral-type benzodiazepine receptor-and cAMP-dependent protein kinase-associated protein 7)/ACBD3 (acyl-coenzyme A binding domain containing 3), a protein originally identified in a yeast two-hybrid screen (17) as a binding partner of the other integral mitochondrial membrane protein of the transduceosome, the peripheral-type benzodiazepine receptor, a protein later renamed TSPO (translocator protein 18 kDa) (18) .
TSPO was first identified in the 1970s by observation of radiolabeled benzodiazepine receptor sites in the kidney (19) . These sites were subsequently found to consist of voltage-dependent anion channel and TSPO complexes (20) . TSPO, which is highly expressed in steroidogenic tissues (18) , has been extensively characterized pharmacologically and observed to bind various small molecules (21) . The most prominent of these small molecules has been the isoquinoline carboxamide PK 11195, which binds to TSPO with high affinity (22) . In addition to synthetic ligands, TSPO binds endogenous compounds, including the polypeptide diazepam binding inhibitor (DBI/ ACBD1) (23) and porphyrins (24) . However, the endogenous TSPO ligand of greatest interest for steroidogenesis is cholesterol (25, 26) , the metabolic precursor for steroid biosynthesis. TSPO binds cholesterol with high affinity through a cholesterol recognition/interaction amino acid consensus (CRAC) motif at its carboxyl terminus (27, 28) .
The CRAC motif ((L/V)X 1-5 YX 1-5 (R/K)) has been characterized in several proteins that interact with cholesterol (29 -31) . Hydropathy profile and experimental analysis have suggested that TSPO possesses a five-transmembrane structure (32, 33) , findings recently supported by electron cryomicroscopy of a bacterial homolog (34) . Deletion of the C terminus of recombinant mammalian TSPO, which contains the CRAC motif, severely reduced cholesterol uptake when expressed in Escherichia coli, although PK 11195 binding was retained (25) . These findings suggested distinct drug ligand and cholesterol binding sites in TSPO. Much of our understanding of the involvement of TSPO in steroidogenesis, however, has been derived from work with drug ligands. TSPO ligands, such as PK 11195, stimulate steroidogenesis and cholesterol flux in various systems (35, 36) . A peptide agonist identified to displace drug ligand binding to TSPO inhibited hormone-mediated steroidogenesis in a Leydig cell tumor cell model (37) , further confirming the importance of the drug binding site. However, effective tools to study the CRAC domain of TSPO in vitro and in vivo are lacking. Transduction of a TSPO CRAC peptide attached to the HIV-1 TAT peptide for transduction efficiency was found to inhibit steroidogenesis, presumably through competition with the CRAC domain (27) . Similar to work performed with TSPO drug domain ligands, a ligand for the CRAC domain of TSPO would be a highly effective tool to study transduceosome function and cholesterol movement.
Here, we report the identification of a novel ligand for the CRAC domain of TSPO. Computational modeling of the CRAC domain and in silico screening yielded a spectrum of compounds belonging to several chemical families. Bioactivity screening yielded a novel androstenetriol, 3,17,19-androsten-5-triol , that was found to compete with promegestone cross-linking to a CRAC peptide but left PK 11195 binding unaffected. Kinetic analysis of steroidogenic inhibition revealed rapid suppression of steroid biosynthesis in response to hormonal and drug-mediated stimulation. Protein analysis of transduceosome components revealed that 19-Atriol suppressed STAR mitochondrial import, supporting a gating mechanism for TSPO in steroidogenesis. These findings provide the first evidence for a novel ligand for the CRAC domain of TSPO and underscore the central role for TSPO in steroidogenesis. Cell Culture-MA-10 mouse Leydig tumor cells were a gift from Dr. Mario Ascoli (University of Iowa). Cells were cultured in 75-cm 2 cell culture flasks with Dulbecco's modified Eagle's medium (DMEM)/nutrient mixture F-12 Ham supplemented with 5% fetal bovine serum and 2.5% heat-inactivated horse serum, as described previously (38) . R2C cells were from ATCC (Manassas, VA), derived from rat Leydig tumors (39) , and cultured under conditions similar to those for MA-10 cells.
EXPERIMENTAL PROCEDURES
Computational Modeling-Modeler6v2 (40) was used to build the homology models. The input alignment for the Modeler was obtained with BlastP (41) searches based on the sequences of mouse, rat, and human CRAC peptides from TSPO. Subsequently, these models were built from the crystal structures of Protein Data Bank entries 1A99 (42) and 1P9M (43) . The cholesterol molecular structure was docked into the active site, and the complex energy was minimized using ESFF of the Insight 2000 program. The Unity4.3 module from Tripos (St. Louis, MO) was used for the pharmacophore and similarity searches (44) , and molecular docking programs such as FlexiDock (Tripos) and FlexX (45) were used to filter the structures for virtual screening. The ligand and protein complexes were energy-minimized with 5000 iterations of the conjugate gradient algorithm such that the square root of the average magnitude of the force was less than or equal to 0.01 kcal/(mol⅐Å). Glide 4.5 (Schrodinger, Portland, OR) and Gold 4.1 (Cambridge Crystallographic Data Centre, Cambridge, CA) programs were used to evaluate the docking scores and to design new structures. The physicochemical properties of the various ligands tested (log P, log D, and number of hydrogen bond donors and acceptors) were calculated using the software Marvin (ChemAxon Ltd., Budapest, Hungary).
[ 3 H]Promegestone Photolabeling-[
3 H]Promegestone photolabeling of synthetic CRAC peptides was performed as described previously (27) . Briefly, 150 M synthetic TAT-CRAC peptide in phosphate-buffered saline (PBS) was incubated with [ 3 H]promegestone at a final concentration of 120 nM in the absence or presence of 0 -100 M cholesterol or 19-Atriol in a 100-l final volume. After a 1-h incubation at 4°C, samples were photoirradiated for 30 min at a distance of 0.5 cm using UV light with a maximum emission at 366 nm (Ultraviolet Products, Gabriel, CA). Sample loading buffer was applied to the samples, and then they were subjected to SDS-PAGE using the Tricine buffer system from NOVEX. Proteins were then transferred to a nitrocellulose membrane. The membrane was either exposed to a tritium-sensitive screen and analyzed using a Cyclone Storage phosphor system (Packard) or exposed to tritium-sensitive film (Fujifilm). Image analysis of the phosphor images was performed using OPTIQUANT software from Packard for the tritium-sensitive screen or Multi Gauge software from Fujifilm for tritium-sensitive film.
[ Steroid Biosynthesis-For steroid synthesis experiments in the presence of medium with human chorionic gonadotropin (hCG), dibutyryl-cAMP (dbcAMP), (22R)-hydroxycholesterol (22R-HC), or PK 11195, MA-10 cells were plated into 96-well plates at 5 ϫ 10 4 cells/well. After allowing cells to adhere for 3-18 h, the cells were washed with PBS and exposed to the respective treatment (medium alone or 50 ng/ml hCG, 1 mM dbcAMP, 20 M 22R-HC, or 1 M PK 11195 in medium) in the presence or absence of the prospective CRAC ligand under investigation. All medium conditions were serum-free. The hCG and dbcAMP stocks were prepared in cell culture medium or water. The 22R-HC, PK 11195, and CRAC ligand stocks were prepared as ethanolic stock solutions and used at a final ethanol concentration of Ͻ0.02% in media. Controls contained the same amount of ethanol. For the two-phase analysis of 19-Atriol inhibition of steroidogenesis, cells were preincubated with either medium or 19-Atriol. In phase two, the cells were incubated with either 50 ng/ml hCG or 50 ng/ml hCG plus 0 -100 M 19-Atriol for 1 h or with medium for 1 h and 50 ng/ml hCG for an additional 1 h. At the end of the incubation, culture medium was collected and tested for progesterone production using radioimmunoassay (RIA) with progesterone antisera (MP Biomedicals, Solon, OH), following the manufacturer's recommended conditions. Progesterone production was normalized for the amount of protein in each well. RIA data were analyzed using Prism 4.02 from GraphPad.
Mitochondrial Integrity/Cell Viability-Cell viability and mitochondrial integrity at the end of the incubation protocols described above were assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell proliferation kit for mitochondrial integrity (46) (Roche Applied Science). Formazan blue formation was quantified at 600 and 690 nm using the Victor quantitative detection spectrophotometer (PerkinElmer Life Sciences), and the results were expressed as (OD 600 Ϫ OD 690 ).
Protein Measurement-Proteins were quantified using the dye-binding assay of Bradford (47) with bovine serum albumin (BSA) as the standard.
Immunoblot (Western Blot) Analysis-After treatment, MA-10 cells were washed with PBS and then sample buffer (25 mM Tris-HCl, pH 6.8, 1% SDS, 5% ␤-mercaptoethanol, 1 mM EDTA, 4% glycerol, and 0.01% bromphenol blue) was added. Proteins were separated by electrophoresis onto a 4 -20% SDS-PAGE gradient gel and electrophoretically transferred to a nitrocellulose membrane as described previously (27) . Membranes were incubated with primary antibodies against TSPO (1:2,500) (27) , STAR (48) (1:5,000) (48), and GAPDH (1:10,000) (Trevigen, Gaithersburg, MD). The 18-kDa TSPO and 30-kDa STAR proteins were visualized using an ECL kit (Amersham Biosciences) and HRP-goat anti-rabbit and HRP-rabbit antimouse secondary antisera used at 1:7,000 and 1:5,000 dilutions, respectively. Densitometric image analysis of the immunoreactive protein bands was performed using Multi Gauge software.
Statistical Analysis-Statistical analysis was performed using Student's t test and one-way ANOVA followed by the Student Newman-Keuls test, using the Prism 4.02 software package from GraphPad.
RESULTS
Computational Modeling of the TSPO CRAC Domain-We undertook a structure-based approach to design specific inhibitors for TSPO by using homology modeling, which has been successfully used to generate new ligands against several different classes of drug targets. A comparison of the sequence alignment of vertebrate TSPO CRAC domains from mice, rats, and humans revealed a high degree of sequence identity (Fig. 1A) . Input alignments for computational modeling with Modeler were obtained with BlastP (41) , and the homology models were built from the crystal structures of the putrescine (42) and interleukin-6 receptors (43). Cholesterol, the endogenous ligand for this motif, was docked into the active site, and the ligand-protein complex was optimized (Fig. 1B) .
In most cases, methods for structure-based lead generation are based on computational descriptions of a binding site. Commonly used descriptors for such binding sites are the spatial coordinates of atoms or pharmacophores. For the current study, we used human and mouse homology models of the TSPO CRAC motif for the identification of novel CRAC ligands. The cholesterol binding site of TSPO formed a deep cleft between Tyr 152 and Arg 158 , with cholesterol filling this cleft (Fig. 1B) . The two most important hydrogen bond donors, Tyr 152 and Arg 158 , were subsequently used for the pharmacophore search. In addition, the hinge region of the motif close to Cys 153 was used as a hydrophobic pharmacophore, as were Thr 148 and Leu 150 . Finally, the region around Asn 151 served as a hydrophilic pharmacophore (Fig. 1, A and C) . The acceptor and donor sites of the Flex pharmacophores were defined without distance constraints, and by using a receptor site module, exclusion spheres were modeled up to a 5-Å region from the pharmacophore site. To obtain highly selective and potent TSPO inhibitors at the CRAC region, we used the above defined phar-macophores and virtually screened the commercially available steroid and non-steroidal databases using two-dimensional Unity searches and identified ϳ700 steroid-substituted and non-steroidal small molecule structures targeted against the cholesterol binding site of TSPO.
These compounds were docked to the cholesterol binding site using several molecular docking programs (45, 49, 50) to rank-order the compounds using a consensus scoring function, CScore (a combination of various docking scores like G_Score, D_Score, ChemScore, and PMF_score) (51) . The 70 highest scoring structures were selected and manually viewed for their three-dimensional graphical orientation, mode of binding, and diversity. Structures that docked with proper orientation and with intermolecular hydrogen bonding were selected for a further round of minimization. The highest scoring compounds of this screening round and their protein complexes were further energy-minimized using an extensible systematic force field to better fit the ligands into the cholesterol binding pocket. The binding orientation of cholesterol is shown in Fig. 1C , and additional identified structural models are presented in supplemental Table 1 . Based on the above factors, the best 19 structures were selected for testing in a biological assay.
Chemical Clustering and Bioactivity of CRAC LigandsPharmacophore screening provided a set of compounds predicted to bind the CRAC domain based on their docking scores, measure of steric fit, and their chemical binding energy (supplemental Table 2 ). Graphing these compounds according to their respective scores demonstrated a linear correlation (Pearson r ϭ 0.72) ( Fig. 2A) . Interestingly, compounds ranked in this manner appeared to cluster based on their structures, with those containing aromatic chemical backbones clustering with higher predicted binding scores (Fig. 2, gray triangles) and those with steroid backbones clustering with comparatively lower predicted binding scores (Fig. 2, black circles) . To ascertain the similarity and differences between the compounds, we hierarchically clustered the compounds using the online NCBI PubChem clustering toolkit (available from the NCBI site). This revealed three families of compounds proposed to interact with the CRAC domain, based on qualitative observations: (i) benzoic acids and amides, (ii) substituted steroids, and (iii) substituted steroids containing a large aliphatic group (Fig. 2B ).
Previous studies with transduced TAT-CRAC peptide inhibited hormone-stimulated steroidogenesis in MA-10 mouse Leydig tumor cells, implicating the CRAC domain in mitochondrial cholesterol transport during steroidogenesis (27) . These findings also suggest that a ligand binding the CRAC domain will similarly inhibit steroid production in this model system. To explore this hypothesis, we conducted a bioactivity screen of our hypothesized CRAC ligands using MA-10 Leydig cells exposed to 1 mM dbcAMP coincubated with a 10 M concentration of the selected CRAC ligands. As shown in Fig. 3A , three of the 19 compounds could significantly inhibit progesterone production stimulated by dbcAMP for 2 h, with the most potent, 5936472 (3,17,19-androsten-5-triol, referred to hereafter as 19-Atriol), inhibiting steroidogenesis by nearly 75%. The steroid adducts 7384616 and 59572117 also significantly inhibited steroidogenesis but to a lesser degree. The ability of the compounds to inhibit steroidogenesis was not a function of their solubility because plotting percentage inhibition versus log D values revealed no correlation ( Fig. 3B ; Pearson r ϭ 0.002 and 0.051 at pH 7.0 and 7.4, respectively). Molecular docking of 19-Atriol is shown in Fig. 3C .
Effect of CRAC Ligands on TSPO Binding Parameters-The above modeling studies described potential CRAC ligands, and our bioactivity assays supported this hypothesis for several of these compounds. To affirm the interaction of CRAC ligands with the TSPO CRAC domain, we employed a previously utilized [ 3 H]promegestone binding assay using synthetic TAT-CRAC peptides that qualitatively demonstrate the molecular interaction of the putative ligands with the CRAC motif (27) . As seen in Fig. 4 , A and C, cholesterol dose-dependently inhibited [ 3 H]promegestone cross-linking to the 3.2-kDa TAT-CRAC peptide between 0 and 100 M with maximal inhibition at 100 M, consistent with previous reports (27) . 19-Atriol also dose- 
dependently inhibited [
3 H]promegestone cross-linking to the 3.2-kDa TAT-CRAC peptide between 0 and 100 M (Fig. 4, B  and C) . Although 19-Atriol inhibited [ 3 H]promegestone crosslinking, like cholesterol, it was not as effective at eliciting maximal displacement (Fig. 4C) TSPO can bind both drug ligands, such as the isoquinoline carboxamide PK 11195, and cholesterol (22), and deletion mutation analyses of TSPO have indicated that deletion of the C terminus containing the CRAC domain may impair drug ligand binding (25) . To examine the relationship between 19-Atriol interaction with TSPO and PK 11195 binding, MA-10 mitochondrial preparations were incubated with 19-Atriol, and the specific binding of [ 3 H]PK 11195 was measured. As shown in the saturation isotherm in Fig. 4D, 19 -Atriol did not affect PK 11195 specific binding to MA-10 mitochondria, with the principal binding site observed in these assays being TSPO (36) . Further analysis of the data also revealed no significant changes to the B max and K D of PK 11195 binding to these samples (Fig. 4,  E and F) . Thus, 19-Atriol does not affect the PK 11195 drug binding site of TSPO. Questions still remain as to the specificity of the bioactivity of 19-Atriol in suppressing steroid biosynthesis. TSPO has been implicated in the mitochondrial permeability transition and cell death (52) , and 19-Atriol could be facilitating cell death through CRAC domain binding, thus inhibiting steroidogenesis. To investigate this hypothesis, we cultured MA-10 cells for 24 h with increasing concentrations of 19-Atriol and examined these cultures for evidence of cell death. As shown in Fig. 5A, 19 -Atriol up to 10 M had no effect on cellular morphology or protein content (data not shown). To further examine the cellular toxicity of 19-Atriol, we assessed viability and mitochondrial integrity using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay based on the reduction of mitochondrial diaphorase. As shown in Fig. 5B , a range of 19-Atriol concentrations in medium for 2 h exhibited no detectable toxicity. MA-10 cells can be metabolically activated by hormonal stimulation (53) , and such metabolic stimulation might expose latent toxicity unobservable without hormonal stimulation; thus, we performed similar experiments with the addition of 50 ng/ml hCG. As shown in Fig. 5C , 19-Atriol did not exhibit any effect on viability or mitochondrial integrity upon metabolic stimulation, demonstrating that inhibition of steroidogenesis by this compound was due to its binding to the CRAC domain and not an inherent toxicity. (Fig. 6A) . Significant inhibition of progesterone synthesis was observed beginning at 1 M 19-Atriol, with an IC 50 of 3.58 Ϯ 1.56 M. This inhibition of progesterone production by 19-Atriol correlated linearly with its ability to displace [ 3 H]promegestone from the TAT-CRAC peptide (Fig. 6A, inset, R 2 ϭ 0.98). Progesterone, however, is not a direct marker of cholesterol transfer but rather the product of 3␤-HSD metabolism of pregnenolone, which is the product of CYP11A1 metabolism of cholesterol. Moreover, CYP11A1 possesses a CRAC domain in its active site (25, 54) that 19-Atriol may be inhibiting. To affirm that 19-Atriol is inhibiting cholesterol flux and not CYP11A1 met- effect in the concentration range that inhibits hormone-stimulated steroidogenesis (1-10 M).
Steroid biosynthesis occurs very rapidly in response to hormonal stimulation (36) , and examination of the kinetics of TSPO-mediated steroidogenesis has shown that it is necessary for the initiation of steroidogenesis (38) . To determine whether 19-Atriol can similarly inhibit steroidogenesis in such a rapid manner, MA-10 cell cultures were stimulated with 50 ng/ml hCG in the presence of 10 M 19-Atriol, and then progesterone production was measured in the medium between 0 and 120 min. As shown in Fig. 6C, 19 -Atriol significantly inhibited progesterone production throughout the 120-min time course. Replotting the data as percentage inhibition revealed that the 19-Atriol-induced steroidogenic inhibition observed with 10 M 19-Atriol reached 60 -70% within 15 min and did not increase with further exposure (Fig. 6D) . These results demonstrate that binding of 19-Atriol caps the amount of cholesterol transferred into the mitochondria in a dose-and time-dependent manner.
The calculated log D of 19-Atriol (1.52 at pH 7.0 and 7.2) suggested that this compound was readily water-soluble (Fig.  3B) . This prediction was consistent with the rapid ability of 19-Atriol to inhibit steroidogenesis, suggesting ready association with the CRAC domain of TSPO at the outer mitochondrial membrane (Fig. 6, C and D) . It was thus of interest to examine whether 19-Atriol remained associated with the cells following its removal from the medium. In the absence of a radiolabeled form of 19-Atriol, we developed a two-phase assay to address this question (Fig. 7A) . In the first phase, MA-10 cells were treated with either 0 -100 M 19-Atriol or medium for 1 h. The cells were then washed briefly with PBS and then stimulated in a second phase for 1 h with 50 ng/ml hCG plus 0 -100 M 19-Atriol or 50 ng/ml hCG for 1 h. In parallel experiments, cells were cultured in medium for 1 h following a 1-h exposure to 0 -100 M 19-Atriol to ensure extended wash-out, followed by stimulation with 50 ng/ml hCG for 1 h. Consistent with the hypothesis that 19-Atriol acts immediately, pre-exposure of cells to 19-Atriol had no further appreciable effect on cells incu- bated with hCG ϩ 19-Atriol (Fig. 7B, column groups 1 and 2) . Interestingly, in keeping with the hypothesized solubility of 19-Atriol, wash-out of 19-Atriol almost immediately restored hCG-stimulated steroidogenesis at 1 and 10 M 19-Atriol, with nearly complete restoration at 100 M concentrations (Fig. 7B,  column group 3) . This reduction in hormone-stimulated steroidogenesis at 100 M 19-Atriol was not due to overt toxicity, however, because an additional exposure to medium for 1 h after 19-Atriol exposure restored hCG-mediated steroidogenesis to control levels (Fig. 7B, column group 4) . These data suggest that 19-Atriol acts as a chemical "on-off" switch for steroidogenesis, dissociating from the cells upon removal from medium and alleviating steroidogenic inhibition.
Steroidogenic cells synthesize steroids at low levels in the absence of hormonal stimulation. The finding that 19-Atriol restricts the total amount of steroid produced upon hormonal stimulation raised the question of its effect on basal steroidogenesis. MA-10 Leydig tumor cells were incubated in medium for 2 h in the presence of increasing concentrations of 19-Atriol that did not inhibit CYP11A1 (0 -10 M), and the progesterone synthesized was measured. As observed in Fig. 7C, 19 -Atriol at the concentrations tested did not significantly affect basal progesterone synthesis by MA-10 cells, further supporting the hypothesis that the TSPO CRAC domain is instrumental in mediating high flux cholesterol movement.
In addition to hormonal exposure, steroidogenesis can be stimulated by TSPO ligands, such as PK 11195 (36) . To examine whether 19-Atriol influences TSPO-mediated steroidogenesis in a manner similar to its effect on hormonally stimulated steroidogenesis, MA-10 cells were incubated with 1 M PK 11195 in the presence of increasing concentrations of 19-Atriol (0 -10 M), and progesterone production was assessed by RIA. As shown in Fig. 7D, 19 -Atriol inhibited PK 11195-mediated progesterone production in a dose-dependent manner, with an IC 50 of 357 Ϯ 332 nM. Importantly, 19-Atriol returned progesterone production in the PK 11195 cells to basal levels (Fig. 7,  compare A and B) . These results demonstrate the specificity of 19-Atriol for TSPO-mediated steroid production and suggest that the CRAC domain is instrumental for high flux mitochondrial cholesterol movement elicited by hormonal or drug stimulation.
Steroid biosynthesis is both initiated and sustained by continual hormonal stimulation (48) . The MA-10 mouse tumor cell line is an excellent model for the study of steroidogenic initiation, whereas the constitutively steroidogenic R2C rat tumor cell line serves to model sustained steroid biosynthesis. TSPO has previously been shown to be essential for this constitutive steroid biosynthesis in the R2C line (55) . To assess the ability of 19-Atriol to control sustained steroidogenesis, R2C cells were cultured in the presence of increasing concentrations (0 -10 M) of 19-Atriol for 2 h, and progesterone released into the medium was measured by RIA (Fig. 7E) . A similar dose response was observed in R2C as had been observed in MA-10 cells with an IC 50 of 3.58 Ϯ 1.56 M. Thus, 19-Atriol can limit the initiation and sustainment of steroidogenic flux in Leydig cells from multiple species.
CRAC Domain Inhibition and Mitochondrial Protein
Processing-Decreases in TSPO protein levels are linked to decreased steroidogenic capacity, as evidenced by antisense oligonucleotide and disruptive homologous recombination experiments (38, 55) . To assess whether the decreased steroidogenic capacity of the MA-10 cells exposed to 19-Atriol was a consequence of increased turnover of the TSPO protein, we exposed MA-10 cultures to dbcAMP and increasing concentrations of 19-Atriol (0 -10 M) for 2 h. Protein immunoblotting revealed no significant changes in 18-kDa TSPO protein levels at any of the concentrations tested (Fig. 8, A and B) , indicating that 19-Atriol does not affect expression or turnover of the TSPO protein. Although not significant, a trend existed toward increased levels of 18-kDa TSPO protein at the highest concentrations of 19-Atriol used.
Previous studies have demonstrated that inhibition of TSPO expression by antisense oligodeoxynucleotides or TSPO function using a peptide targeted against the drug binding domain inhibits STAR protein import into the mitochondria, as evidenced by decreased levels of 30-kDa STAR protein and increased 37-kDa STAR protein levels (38) . To examine the effect of CRAC domain inhibition on STAR protein import and processing, MA-10 cell cultures were incubated with dbcAMP and increasing concentrations of 19-Atriol (0 -10 M) for 2 h, after which the levels of 30-and 37-kDa STAR proteins were assessed by SDS-PAGE followed by immunoblot analysis. A representative immunoblot is shown in Fig. 8C , and quantification of multiple experiments is demonstrated in Fig. 8D . As can be observed, 19-Atriol significantly decreased the 30-kDa STAR protein levels while exhibiting little effect on the 37-kDa preprotein. Plotting the ratio of 37-kDa versus 30-kDa STAR proteins in Fig. 8E demonstrates a clear difference between the two protein populations, suggesting that STAR import and/or processing is inhibited by the CRAC domain ligand 19-Atriol.
DISCUSSION
Cholesterol serves as the precursor of all steroids. In vertebrates, the first step in the steroidogenic process is the metabolism of cholesterol to pregnenolone in the mitochondrial matrix by the cytochrome P450 enzyme CYP11A1 (4). To reach the mitochondrial matrix, cholesterol must traverse the outer and inner mitochondrial membranes, a process that is induced by hormonal stimulation in steroidogenic tissues (3) . Hormonal stimulation, which principally operates through a cAMP-mediated signaling pathway (1, 2), targets a multiprotein complex, named the transduceosome (6), at the outer mitochondrial membrane. The transduceosome is composed of both cytoplasmic components, such as the prominently described hormoneinduced STAR protein (8) , and integral mitochondrial membrane proteins, such as the TSPO protein (18) . TSPO is highly expressed in steroidogenic tissues (18, 23) , and silencing of its expression potently inhibits the steroidogenic capacity of Leydig tumor cells, even in the presence of the STAR protein (38) . These findings strongly implicated TSPO in mitochondrial cholesterol transport in steroidogenesis.
The role for TSPO in mitochondrial cholesterol transfer was further supported by the discovery of a high affinity cholesterol binding site, termed the CRAC domain, located at the proximal C terminus of the polypeptide chain (25) . This CRAC motif, defined by the algorithm (L/V)X 1-5 YX 1-5 (R/K), was further described in several other proteins that associate with cholesterol, including CYP11A1 (25) , caveolin (29) , acetylcholine esterase (31) , and the gp41 peptide of the HIV-1 virus (30) . Moreover, this motif is very often associated with the functionality of the protein in question. For example, mutation of the CRAC motif in gp41 results in reduced virulence (30) , and deletion of the TSPO CRAC motif ablates the ability of the protein to mediate cholesterol uptake when expressed in E. coli (25) . NMR spectroscopy of the TSPO CRAC motif demonstrated that the side chains of the motif generated a groove capable of accommodating a cholesterol molecule, with the central tyrosine playing a critical role in cholesterol binding (28) . Collectively, these findings suggested that the CRAC domain is critical for TSPO function regarding cholesterol transport, although molecular details remain to be elucidated.
To help establish a useful tool to investigate the molecular mechanisms of the TSPO CRAC motif, we undertook molecular modeling studies to identify novel ligands for the CRAC domain. To this end, we generated homology models of the CRAC domains of several species and used them to screen commercially available chemical libraries. Energy minimization of the structure in the presence of cholesterol produced a structure hypothesized to be active in mitochondrial cholesterol transport. In addition, these computational modeling studies of the TSPO CRAC domain independently corroborated previously performed NMR studies on the structure of the CRAC peptide in solution (28) , with the central tyrosine and C-terminal arginine forming hydrogen bonds with the cholesterol molecule in a groove formed by the CRAC motif residues (Fig. 1B) . Interestingly, the central tyrosine and C-terminal lysine of the HIV-1 gp41 CRAC motif, corresponding to the Tyr and Arg of the TSPO CRAC, were computationally modeled to form hydrogen bonds with cholesterol (56, 57) , suggesting common molecular interactions in these motifs.
In silico screening of commercially available chemical libraries yielded 19 "best" hypothetical hits, based on predicted binding energy and docking scores (a metric of spatial fit). Bioactivity screening of the ability of these CRAC ligands to significantly inhibit cAMP-mediated steroidogenesis demonstrated that only steroid adducts and substituted steroid families produced significant hits (Fig. 3, A and B) , although these compounds fell in the weaker predicted binding group. However, notably, the best active steroidal structures (19-Atriol and 5957219) were found with high binding energy and docking scores within the steroidal binding set, and similarly, the average active non-steroidal structures (5754198 and 6524457) have higher binding energy and dock scores compared with low active structures within the non-steroidal set ( Fig. 2A) . These studies prompted us to conclude that although the binding capacity is only one variable contributing to CRAC-ligand associations (as evidenced by compounds with similar binding scores but no bioactivity), a slightly weaker interaction appears optimal for CRAC motif interactions. This hypothesis is supported by a study with the gp41 HIV-1 CRAC motif, which demonstrated that the most biologically active CRAC sequence weakly interacted with the cholesterol ring structures, whereas less biologically active sequences form extensive contacts with the hydrocarbon rings of the sterol backbone (56) .
The CRAC ligand most efficacious in suppressing steroidogenesis was the substituted steroid, 19-Atriol (3,17,19-androsten-5-triol). Like cholesterol, 19-Atriol could displace binding of cross-linkable promegestone to an isolated CRAC domain peptide, a qualitative assay of CRAC domain binding (27 Studies with 22R-HC, a water-soluble cholesterol analog that bypasses the mitochondrial cholesterol transfer step and is directly metabolized to pregnenolone by CYP11A1, confirmed that 19-Atriol operated at the level of mitochondrial cholesterol transfer because steroid production with this stimulant was unaffected within the 1-10 M range. Interestingly, at higher 19-Atriol concentrations, steroidogenesis in the presence of 22R-HC was significantly reduced. These results suggest that CYP11A1 is inhibited by 19-Atriol at higher concentrations. This is interesting because CYP11A1 possesses a putative CRAC domain in its catalytic site (25, 54) , suggesting that the variations in CRAC motif sequences observed in different proteins may offer conformational stereoselectivity for the binding of different ligands.
There was no evident cellular or mitochondrial toxicity at the concentrations of 19-Atriol used (0 -100 M) in either MA-10 Leydig or MDA-MB-231 breast cancer tumor cells (Fig. 5 , A-C, and supplemental Fig. 1 ), both of which are rich in TSPO (58) . This was further supported by the finding that upon removal of 19-Atriol, even at 100 M, MA-10 cells regained their ability to form steroids in response to hCG.
Although blockage of cholesterol binding to the TSPO CRAC domain by 19-Atriol appears sufficient to block hormonally induced mitochondrial cholesterol transfer, additional events may be affected by 19-Atriol exposure. Oxysterols have been shown to associate with the endoplasmic reticulum anchor Insig proteins, inhibiting cholesterol biosynthesis by helping to retain the SREBP transcription factor in the endoplasmic reticulum (59) . Overnight exposure of MA-10 cells to 19-Atriol did not affect total cholesterol levels in these cells, suggesting that 19-Atriol does not affect components of the cholesterol biosynthesis pathway (supplemental Fig. 2 ). Other cholesterol-interacting proteins more directly associated with steroidogenesis may be affected by 19-Atriol, however. STAR and its STAR-related lipid transfer (START) domain (60) have been demonstrated to bind fluorescent cholesterol analogs (61) , and mutations in the START domain disrupt binding of these analogs and, in correlation, impair STAR-mediated steroidogenesis. Such mutations were identified as being responsible for the lethal human pathology of congenital adrenal hyperplasia (62) . The START domain pocket for cholesterol is quite large compared with the sterol (63), and our molecular modeling of the START domain has indicated that this pocket may accommodate the smaller 19-Atriol model. 4 Although definitive tests of the possible 19-Atriol interaction with STAR are currently under way, we did investigate its effect on STAR import and processing. Previous work has demonstrated that suppression of TSPO expression and inhibition of the drug binding site with a targeting peptide inhibits the import and processing of the 37-kDa STAR precursor to the 30-kDa mitochondrial STAR protein (38) . Exposure of cells to 19-Atriol elicited a similar effect, leaving the 37-kDa STAR protein intact while inhibiting formation of the 30-kDa processing product (Fig. 8, C-E) . Because mutational perturbation of the START domain of STAR (which would be affected by 19-Atriol) does not inhibit mitochondrial import (64) , these findings support a model of direct effect of 19-Atriol on TSPO. Furthermore, these findings lend further support to our previous demonstration of the requirement of TSPO for mitochondrial import and/or processing of STAR (37, 38) .
Further specificity of the 19-Atriol interaction with TSPO is derived from studies with the drug PK 11195, which binds the drug-binding site of TSPO (22) and stimulates steroidogenesis (36) . 19-Atriol inhibited PK 11195-induced steroid synthesis at concentrations an order of magnitude lower than those required to inhibit hCG-or dbcAMP-stimulated steroidogenesis (Fig. 6A versus Fig. 7B ). This result is not surprising because hormonal stimulation initiates a diversity of cellular processes (6), whereas PK 11195 binds and stimulates TSPO. Taken together, these results further support the specificity of action of 19-Atriol against TSPO. Interestingly, 19-Atriol had no effect on PK 11195 binding to mitochondrial preparations at concentrations that inhibited steroidogenesis (Fig. 4A) . This is an important finding because it argues that the drug-binding site of TSPO and the natural ligand DBI operate upstream of the CRAC domain in the mechanism of action of TSPO. This observation will be useful in further understanding the molecular mechanisms involved in mitochondrial cholesterol transport.
In conclusion, we have successfully identified a ligand for the CRAC motif of TSPO that can control steroidogenesis. This compound could serve as a useful tool for studying the function of TSPO in cholesterol transport. It may also serve as a useful lead compound for the design of drugs used in the treatment of conditions of excessive steroid production, including Cushing's syndrome, a condition of hypercortisolism with elevated morbidity and mortality (65) , and cases of gonadal and adrenal steroid-producing tumors (66, 67) . Pharmacological treatments meant to normalize pathological steroidogenesis are currently being developed, and one can fairly propose that 19-Atriol and potential derivatives may well suit this new therapeutic strategy. In addition, 19-Atriol and its derivatives could also be used to normalize altered neurosteroid synthesis in the brain that can be linked to various pathologies (68, 69) . Investigations of the effects of 19-Atriol in various organisms will also give further insight into the physiological function of TSPO because it will provide an acute modifier of TSPO function in vivo, which is useful for its experimentally diminishing function after the embryonically lethal developmental window observed in Tspo knock-out mice (70) .
